Inhibitory neurons in the thalamic reticular nucleus (TRN) play a critical role in controlling information transfer between thalamus and neocortex. GABAergic synapses formed by TRN neurons contact both thalamic relay cells and neurons within TRN. These two types of synapses are thought to have distinct roles for the generation of thalamic network activity, but their selective regulation is poorly understood. In many areas throughout the brain, retrograde signaling mediated by endocannabinoids acts to dynamically regulate synaptic strength over both short and long time scales. However, retrograde signaling has never been demonstrated in the thalamus. Here, we show that depolarization-induced suppression of inhibition (DSI) is prominent at inhibitory synapses interconnecting TRN neurons. DSI is completely abolished in the presence of a cannabinoid receptor 1 (CB1R) antagonist and in mice lacking CB1Rs. DSI is prevented by DAG lipase inhibitors and prolonged by blocking the 2-arachidonoylglycerol (2-AG) degradation enzyme monoacylglycerol lipase, indicating that it is mediated by the release of 2-AG from TRN neurons. By contrast, DSI is not observed at TRN synapses targeting thalamic relay neurons. A combination of pharmacological and immunohistochemical data indicate that the differences in endocannabinoid signaling at the two synapses are mediated by a synapse-specific targeting of CB1Rs, as well as differences in endocannabinoid release between the two target neurons. Together, our results show that endocannabinoids control transmitter release at specific thalamic synapses, and could dynamically regulate sensory information processing and thalamus-mediated synchronous oscillations.
Introduction
The thalamus is the central gateway for the processing of sensory information (Jones, 2007) and, in addition, has a critical role in the generation of rhythmic oscillations in the thalamocortical system (Buzsáki, 2006) . Reciprocal connections between thalamic relay cells and neurons in the thalamic reticular nucleus (TRN) underlie oscillatory activity such as sleep spindles (McCormick and Bal, 1997; Huguenard and McCormick, 2007) . Burst firing in TRN neurons evokes a strong hyperpolarization of thalamocortical relay cells, mediated by the activation of postsynaptic GABA A and GABA B receptors (von Krosigk et al., 1993; Huguenard and Prince, 1994) . In turn, this leads to the deinactivation of low-threshold, T-type Ca 2ϩ channels (Llinás and Jahnsen, 1982; Huguenard, 1996) , which enables relay neurons to produce a postinhibitory rebound calcium spike that can trigger bursts of fast action potentials. Finally, this burst-evoked excitation is transmitted back to cells in the reticular nucleus, via axon collaterals of thalamocortical projections. Since the inhibition of relay neurons is mediated exclusively by TRN neurons, it is important to understand how their activity is regulated. TRN neurons are interconnected by both chemical (Bal et al., 1995; Sanchez-Vives and McCormick, 1997; Zhang and Jones, 2004; Deleuze and Huguenard, 2006; Lam et al., 2006) and electrical (Landisman et al., 2002; Deleuze and Huguenard, 2006) synapses. GABAergic synapses formed between TRN neurons are thought to be important for limiting the fraction of TRN neurons that participate in rhythmic oscillatory activity Sohal and Huguenard, 2003) . In contrast, electrical synapses are assumed to mediate synchronous firing within local clusters of TRN neurons (Long et al., 2004; Cruikshank et al., 2005) .
A number of studies have shown that intra-TRN inhibition mediated by chemical synapses is essential in keeping thalamic circuits from entering a hypersynchronous state. When intra-TRN inhibition is blocked pharmacologically or genetically (Huntsman et al., 1999) , a higher percentage of TRN neurons participates in oscillatory activity, which can result in the development of seizure-like activity (McCormick and Bal, 1997; Huguenard and McCormick, 2007; Beenhakker and Huguenard, 2009) . Little is known about the mechanisms that regulate intra-TRN synaptic activity and, specifically, whether inhibitory synaptic strength is reduced during increased levels of neuronal activity, leading to a higher degree of thalamic synchrony. Activity-dependent changes in synaptic strength could be mediated by retrograde messengers such as endocannabinoids (Regehr et al., 2009), but a role for retrograde signaling in the thalamus has never been demonstrated.
Here we have investigated this issue, by examining the role of retrograde signaling at inhibitory synapses formed by TRN neurons onto two distinct targets, neighboring TRN neurons and cells in the ventrobasal nucleus of the thalamus (VB). We found that depolarization of TRN neurons led to prominent suppression of inhibitory synaptic strength (DSI), mediated by the calcium-dependent release of 2-arachidonoylglycerol (2-AG) from TRN neurons acting on presynaptic type 1 cannabinoid receptors (CB1Rs). By contrast, DSI was absent at TRN synapses contacting thalamic relay neurons. Thus, target-dependent endocannabinoid signaling in thalamic circuits could be critical in dynamically regulating the degree of synchronous activity.
Materials and Methods
Slice preparation. Thalamocortical slices (400 m) were prepared as described previously (Agmon and Connors, 1991) . Briefly, C57BL/6 wild-type mice (P13-P17) of either sex or CB1R knock-out animals (Marsicano et al., 2002) and their wild-type littermates were anesthetized with isoflurane and decapitated, according to procedures approved by the University of Texas Health Science Center at Houston animal welfare committee. Slices were cut in ice-cold, oxygenated solution containing (in mM) 111 choline Cl, 2.5 KCl, 1.25 NaH 2 PO 4 , 10 MgSO 4 , 26 NaHCO 3 , 10 glucose, and 0.5 CaCl 2 , saturated with 95% O 2 -5% CO 2 , using a vibratome (Leica VT1200S) at slicing speeds of 0.2 mm/s and a blade vibration amplitude of 0.8 mm. Slices were incubated at 34°C for 40 min, in saline solution containing (in mM) 126 NaCl, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 10 glucose, 2 CaCl 2 , and 2 MgCl 2 , and then held at room temperature before recordings.
Electrophysiology. Slices were placed on glass coverslips coated with poly-L-lysine (Sigma), and submerged in a recording chamber (Warner Instruments). All recordings were performed at near-physiological temperatures (32-34°C) using an in-line heater (Warner Instruments) while perfusing the recording chamber with solution at 3-4 ml/min using a Minipulse 3 pump (Gilson). Whole-cell recordings were obtained under IR-DIC visualization using an Olympus BX51WI microscope (Olympus Optical) and a CCD camera (Hamamatsu). Recording pipettes (2-3 M⍀) contained the following (in mM): 93 CsMeSO 3 , 40 CsCl, 10 HEPES, 0.5 EGTA, 2 MgCl 2 , 0.16 CaCl 2 , 2 Mg-ATP, 0.4 Na-GTP, and 2 2(triethylamino)-N-(2,6-dimethylphenyl)acetamide (QX-314), adjusted to 295 mOsm and pH 7.3. For experiments examining depolarization-induced suppression of excitation (DSE) in VB neurons, cells were recorded with an internal solution containing the following (in mM): 120 CsMeSO 3 , 11 CsCl, 10 HEPES, 11 EGTA, 1 MgCl 2 , 1 CaCl 2 , 2 Mg-ATP, 0.3 Na-GTP, and 2 QX-314, adjusted to 295 mOsm and pH 7.3. For experiments examining electrical coupling, pairs of neighboring TRN cells were recorded with a potassium-based internal solution containing the following (in mM): 130 K-gluconate, 10 NaCl, 10 HEPES, 0.5 EGTA, 0.16 CaCl 2 , 4 Mg-ATP, and 0.4 Na-GTP. Cells were clamped using a Multiclamp 700B amplifier (Molecular Devices), at access resistances of 8 -15 M⍀. Access resistance and leak current were continually monitored, and experiments were discarded if either increased by Ͼ20%. Synaptic inputs were activated with brief pulses (200 s, 10 -30 A), using glass electrodes filled with ACSF. All experiments except those in Figure 3 were performed in the presence of 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo Data acquisition and analysis. Recordings were filtered at 2-4 kHz and digitized at 20 kHz with a 16 bit analog-to digital converter (Digidata 1440A, Molecular Devices). Data were acquired using pClamp software (Molecular Devices). Data analysis was performed with custom macros written in Igor Pro (Wavemetrics). Statistical test were performed with the unpaired or paired Student's t test. Differences are considered to be significant at p Ͻ 0.05. Data are expressed as mean Ϯ SEM.
Immunohistochemistry. Immunohistochemical staining was performed as described previously (Wu et al., 2010) . To generate a double transgenic Dlx (distal-less homeobox) 5/6-Cre-Tau mGFP mouse line (referred to as dlx-mGFP), we crossed Dlx5/6-Cre mice (Potter et al., 2009) with Tau mGFP mice (Hippenmeyer et al., 2005) . The Dlx5/6-Cre transgenic mouse line (The Jackson Laboratory) expresses Cre in inhibitory neurons. Tau mGFP mice belong to a Cre-reporter line that has a loxp flanked transcriptional stop cassette in front of membrane-anchored GFP (mGFP) integrated into the Tau locus (Hippenmeyer et al., 2005) . Cre-mediated recombination can be detected by the expression of mGFP in the axons of recombined neurons. Dlx-mGFP mice (P15) or CB1R knock-out mice (P27) were deeply anesthetized and transcardially perfused with ice-cold PBS, pH 7.4, followed by 4% paraformaldehyde in PBS, pH 7.4. The brains were postfixed with the same fixative overnight at 4°C. Brains were sectioned into 50-m-thick sections with a vibrating microtome (Leica VT1000S) in the coronal plane. Free-floating sections were washed with PBST and permeabilized with 0.2% Triton X-100 in PBS at room temperature for 20 min. Sections were then washed with PBST, blocked for 1 h with 3% normal goat serum in PBST at room temperature, and then incubated with a mixture of two primary antibodies against CB1Rs (raised against the C terminus AA400 -473 in guinea pig; 1.5 g/ml, kindly provided by Dr. Ken Mackie, Indiana University, Bloomington, IN) and chicken anti-GFP (1:1000, Aves Labs) in PBST with 2 mg/ml BSA and 1% normal goat serum at 4°C overnight. Sections were then washed with PBST, and incubated with the fluorescent secondary antibodies: goat antiguinea pig IgG-Cy3 (Jackson ImmunoResearch Laboratories; 1:500); goat antichicken IgG-Alexa 488 (Invitrogen, 1:500) in PBST at room temperature for 2 h. Following this incubation, sections were washed with PBST three times for 10 min each. Confocal images were obtained using a Zeiss 510 system.
Results

Target-dependent expression of DSI at two synapses formed by TRN cells
We investigated short-term changes in synaptic strength triggered by postsynaptic depolarization, at synapses formed by TRN neurons onto two postsynaptic targets, TRN neurons and relay cells in the VB. Cells were voltage clamped at Ϫ70 mV with a cesium-based internal solution, and synapses were activated at 0.3 Hz using stimulus electrodes placed in the TRN, before and following depolarization of the postsynaptic cell to 0 mV for 5 s. For TRN neurons, depolarization reduced the IPSC amplitude to 29.4 Ϯ 3.8% of control (n ϭ 8) ( Fig. 1 A, C) . DSI was completely eliminated in the presence of the CB1R antagonist AM251 (5 M, 103.4 Ϯ 4.5% of baseline, n ϭ 8), indicating that it was mediated by endocannabinoid release from postsynaptic TRN neurons. By contrast, no DSI was observed at synapses targeting VB neurons (97.3 Ϯ 3.0% of control), and bath application of AM251 (5 M) did not reveal changes in IPSC amplitudes following voltage steps (94.7 Ϯ 1.5% of baseline in AM251) ( Fig. 1 B, D) . These data show that endocannabinoids regulate synaptic strength at TRN inhibitory synapses in a target-dependent manner.
TRN cells receive inhibitory inputs not only from local TRN neurons (Deleuze and Huguenard, 2006; Lam et al., 2006) , but from other sources such as the basal forebrain, the globus pallidus, and the substantia nigra (Asanuma and Porter, 1990; Paré et al., 1990; Bickford et al., 1994; Govindaiah et al., 2010) . Thus, evoking IPSCs in TRN neurons with stimulating electrodes placed in TRN could in principle activate different types of inhibitory synapses. We found that DSI was prominent for all cells recorded in TRN (range of reduction 9.8 -52.2% of control, n ϭ 8), suggesting that activated synapses had sensitivity similar to that of endocannabinoids, regardless of their possible origin. In an attempt to isolate synapses formed by TRN neurons, we placed stimulating electrodes in VB to activate presynaptic TRN neurons antidromically and to avoid the recruitment of other inhibitory afferents to TRN whose axons are not thought to pass through the thalamus. DSI was observed in all recordings for which IPSCs were activated antidromically (48.8 Ϯ 5.8% of control, n ϭ 5 cells), further indicating that endocannabinoid-mediated DSI is prominent at synapses interconnecting TRN neurons.
Differential presynaptic effects of CB1R activation at TRN inhibitory synapses
Next, we examined the mechanisms underlying the targetdependent DSI at TRN synapses. Previous studies have shown that differences in endocannabinoid-mediated plasticity can depend on presynaptic mechanisms, such as differences in CB1R expression levels (Ohno-Shosaku et al., 2002; Tzounopoulos et al., 2007) or mechanisms downstream of CB1R activation (Lee et al., 2010) . In addition, differences in endocannabinoid signaling can be mediated by the differential ability of postsynaptic neurons to synthesize and release endocannabinoids (Beierlein et al., 2007) . To characterize cannabinoid sensitivity at the two types of TRN synapses, we bath applied saturating doses of the CB1R agonist WIN 55,212 (WIN, 5 M) and compared IPSC suppression between synapses targeting TRN and VB neurons. For intra-TRN synapses, WIN decreased IPSC amplitudes to 29.8 Ϯ 4.0% of control, and this effect was reversed by the CB1R antagonist AM251 (10 M, 103.2 Ϯ 5.2%, n ϭ 7) (Fig. 2 A, D) . WIN application significantly increased paired-pulse ratio (control: 0.78 Ϯ 0.09, WIN: 1.01 Ϯ 0.12, p Ͻ 0.05), which was reversed following bath application of AM251 (10 M, 0.76 Ϯ 0.05) (Fig. 2C) , consistent with a presynaptic expression of CB1Rs. As summarized in Figure 2 D, the IPSC reduction following WIN application was comparable to the amplitude reduction during DSI, indicating that endocannabinoids released from TRN neurons can completely saturate presynaptic CB1Rs.
For VB neurons, we found that WIN (5 M) also led to a reduction of the IPSC amplitude, although the magnitude of suppression was significantly smaller than in TRN neurons (WIN: 58.0 Ϯ 3.2% of control, AM251: 93.8 Ϯ 2.2% of control, n ϭ 7) (Fig.  2 B, F ) . Paired-pulse ratio increased from 0.67 Ϯ 0.05 to 0.79 Ϯ 0.04 after application of WIN ( p Ͻ 0.05) and returned to control levels following AM251 application (0.65 Ϯ 0.04) (Fig. 2 E) . Thus, CB1Rs are expressed on inhibitory synaptic terminals targeting VB cells. However, their activation leads to a smaller reduction in synaptic strength and to a smaller change in paired-pulse ratio than does CB1R activation on intra-TRN synapses, a result consistent with target-dependent differences in cannabinoid sensitivity at TRN synapses.
Synaptic strength at corticothalamic synapses is partially reduced by endocannabinoid release from VB neurons Our data above suggest that presynaptic specializations alone could explain target-dependent endocannabinoid signaling at TRN synapses. Alternatively, the absence of DSI in VB could be due to a lack of endocannabinoid synthesis and release in VB neurons under our experimental conditions. As a consequence, depolarization-induced suppression of synaptic strength should not be observed at any synaptic input targeting VB neurons. We examined this possibility by characterizing endocannabinoid signaling at glutamatergic corticothalamic (CT) synapses, formed by neocortical layer 6 neurons. Stimulating electrodes were placed in the internal capsule or TRN, and CT synapses were activated in the presence of picrotoxin, CGP 55845, and R-CPP to block GABA A , GABA B , and NMDA receptors, respectively. We found that postsynaptic depolarization led to a moderate reduction in CT EPSC amplitude, which was partially eliminated by AM251 (control, 62.8 Ϯ 2.8%; AM251, 80.8 Ϯ 1.9%, n ϭ 7-8, p Ͻ 0.05) (Fig. 3A,B) , indicating that relay neurons have the ability to synthesize and release endocannabinoids. Application of WIN (5 M) significantly reduced EPSC amplitudes (49.6 Ϯ 5.7% of control) (Fig. 3C,D) and increased PPR (control, 2.13 Ϯ 0.13; WIN, 2.75 Ϯ 0.22) (Fig. 3E) , and both returned to control levels following bath application of AM251 (10 M, 96.7 Ϯ 5.1% for EPSC, 2.17 Ϯ 0.14 for PPR).
Together, our data show that VB neurons can synthesize and release endocannabinoids in a calcium-dependent manner, making it unlikely that the lack of DSI can be entirely attributed to a general absence of endocannabinoid release from VB neurons.
Tissue-specific differences in CB1R expression
Thus far, our data showing stronger DSI and WIN-induced suppression of synaptic strength at intra-TRN synapses are consistent with a higher overall expression of presynaptic cannabinoid receptors in TRN than in VB. Previous studies using CB1R ligand autoradiography (Herkenham et al., 1991; Mailleux and Vanderhaeghen, 1992) or immunohistochemical labeling of CB1Rs (Marsicano and Lutz, 1999) have revealed only low levels of expression of CB1Rs in thalamic nuclei or TRN. To independently verify the existence of CB1Rs in thalamic circuits and to reveal potential differences in CB1R expression between TRN and VB, we performed immunostaining for CB1Rs in dlx-mGFP mice that express membrane GFP specifically in inhibitory terminals (Fig. 4 Aa1-Ae1) . Consistent with our electrophysiological data, overall levels of CB1R immunostaining were higher in TRN compared to VB (Fig. 4Aa2-Ae2) . Furthermore, CB1R immunostaining correlated with GFP staining, consistent with a preferential targeting of CB1Rs to inhibitory neurons (Fig. 4 Aa3-Ae3,Af1-Af3) (Monory et al., 2007) . Notably, this held true for the lateral geniculate nucleus (LGN), which in contrast to VB contains local interneurons, and showed high levels of CB1R expression (Fig. 4 Aa2) . No immunostaining was detected in CB1R KO animals (Fig. 4 Ag-Ai). Together, our immunohistochemical data confirm that CB1Rs are expressed at inhibitory synapses in TRN and suggest that retrograde signaling via endocannabinoids is expressed in other sensory thalamic nuclei.
DSI is absent in CB1R knock-out mice
To further confirm that DSI observed in TRN cells is mediated by presynaptic CB1Rs, we performed DSI experiments in slices of CB1R knock-out animals (Marsicano et al., 2002) and their wildtype littermates. DSI was completely abolished in CB1R knockout mice (100.9 Ϯ 3.4%, n ϭ 7), compared with WT animals (32.5 Ϯ 5.4%, p Ͻ 0.01, n ϭ 7) (Fig. 4 B) . Additionally, WIN (5 M) had no effect on the IPSC amplitude in CB1R knock-out mice (99.9% of control, n ϭ 6) compared to wild-type controls (33.6% of control, n ϭ 5) (Fig. 4C) . These results confirm that retrograde inhibition at TRN neurons is indeed mediated by presynaptic CB1Rs.
DSI in the TRN is mediated by the calcium-dependent release of 2-AG from the postsynaptic cell
A number of different types of endocannabinoids can potentially be released from postsynaptic neurons (Best and Regehr, 2010; Min et al., 2010; Tanimura et al., 2010) . Two of the most common endocannabinoid messengers are 2-AG and anandamide. Distinct pathways are involved in the synthesis and breakdown of each messenger, so their biological role can differ dramatically (Long et al., 2009b) , thus highlighting the importance of identifying the endocannabinoid being released from TRN neurons. Pharmacological studies at inhibitory hippocampal synapses have suggested that 2-AG is not involved in mediating DSI (Chevaleyre and Castillo, 2003; Edwards et al., 2006; Min et al., 2010) . In apparent conflict with these data, no DSI was observed in the same preparation using mutant mice lacking DAGL␣, the synthesizing enzyme for 2-AG (Gao et al., 2010; Tanimura et al., 2010). We found that DSI was abolished by the inclusion of BAPTA (20 mM) to the recording solution (Fig. 5B) , confirming the calcium dependence of endocannabinoid release. In addition, DSI was significantly decreased in the presence of the DAGL inhibitor RHC80267 (RHC, 30 M) as compared to control (Fig.  5B) (control, 29.4 Ϯ 3.8%, n ϭ 8; RHC, 86.4 Ϯ 5.2%, n ϭ 6; p Ͻ 0.001), suggesting that 2-AG is the active endocannabinoid released by TRN neurons. Similarly, DSI was attenuated by including the DAGL inhibitor THL (5 M) in the patch pipette (Fig.  5 A, B ) (83.6 Ϯ 5.5%, n ϭ 6, p Ͻ 0.001). Once released, 2-AG is broken down by the enzyme monoacylglycerol lipase (MGL). Therefore, if 2-AG is released TRN neurons, blocking its breakdown should lead to a slower recovery of DSI. Consistent with this idea, incubating slices with the MGL inhibitor JZL184 (Long et al., 2009a; Pan et al., 2009 ) significantly prolonged the duration of DSI (Fig. 5C ) ( decay ϭ 9.3 Ϯ 2.0 s in control, 24.9 Ϯ 3.6 s in JZL184, n ϭ 7-8, p Ͻ 0.01).
Our data show that calcium increases in the postsynaptic neuron are sufficient to trigger the synthesis and release of 2-AG. Release of 2-AG also occurs following the activation of G q/11 -coupled receptors acting on phospholipase C (PLC), resulting in the activation of DAGL (Brown et al., 2003; Melis et al., 2004; Hashimotodani et al., 2005; Maejima et al., 2005) . As PLC activation is dependent on both calcium increases and G q/11 -coupled receptor activation, the magnitude of DSI at intra-TRN synapses could in part be determined by the constitutive activation of G q/11 -coupled receptors by ambient levels of neurotransmitters. To test this possibility, we evoked DSI in the presence of the PLC inhibitor U73122 (5 M) (Fig. 5B) . We found that DSI was indistinguishable from control (40.7 Ϯ 5.4%, n ϭ 6, p ϭ 0.15), suggesting that 2-AG release is not facilitated by the activation of PLC. Together, our results indicate that DSI at intra-TRN synapses is evoked by the calcium-dependent release of 2-AG, independent of PLC activation.
CB1R activation does not influence electrical coupling between TRN neurons
In addition to being interconnected by chemical synapses, neurons in the TRN are strongly coupled by electrical synapses, formed by channels composed of connexin 36 (Landisman et al., 2002) . Previous work has demonstrated that the activation of postsynaptic mGluRs can regulate coupling strength at electrical synapses . To test whether the endocannabinoid-mediated regulation of synaptic strength extends to electrical synapses (Venance et al., 1995; Cachope et al., 2007) , we performed dual recordings from neighboring TRN neurons using a potassium-based internal solution and measured electrical coupling strength in current clamp, before and after bath application of the CB1R agonist WIN (5 M) (Fig. 6 A) . We found that WIN had no effect on electrical coupling between TRN neurons (coupling coefficient ϭ 0.043 Ϯ 0.008 in control, 0.044 Ϯ 0.008 in WIN, n ϭ 6, p ϭ 0.83) (Fig. 6 B) .
The expression of CB1Rs is not always restricted to synaptic terminals. Activation of CB1Rs in specific types of interneurons in neocortex (Bacci et al., 2004 ) and the cerebellum (Kreitzer et al., 2002 ) is linked to opening of postsynaptic potassium conductances, resulting in short-or long-lasting forms of membrane hyperpolarization. We found that the application of WIN (5 M) did not cause significant changes in membrane resting potential (control 71.7 Ϯ 0.8 mV, WIN 72.3 Ϯ 1.4 mV, n ϭ 6, p ϭ 0.84), suggesting that TRN neurons do not express postsynaptic CB1Rs. Thus, endocannabinoids released from TRN appear to act specifically to reduce synaptic strength at chemical synapses.
Discussion
Our study provides the first direct demonstration of endocannabinoidmediated synaptic plasticity in the thalamus. Specifically, we have shown that DSI is prominent at inhibitory synapses formed onto TRN neurons, mediated by the calcium-dependent synthesis and release of the endocannabinoid 2-AG. By contrast, no DSI was observed at inhibitory synapses targeting VB cells. Our electrophysiological and immunohistochemical data indicate that target-dependent endocannabinoid signaling is mediated at least in part by differences in presynaptic endocannabinoid sensitivity at the two types of inhibitory terminals. As intra-TRN inhibitory synapses are thought to be critical in limiting oscillatory activity in thalamic circuits (Beenhakker and Huguenard, 2009) , our results suggest that endocannabinoid release could enhance physiological levels of thalamic synchrony as observed during sleep spindles, but might also regulate the threshold for the generation of seizure-like activity (van Rijn et al., 2010) .
Target-dependent modulation of synaptic inhibition by endocannabinoids
Our results show, for the first time, that cannabinoid signaling at inhibitory synapses is regulated in a target-dependent manner and is mediated by synapse-specific differences in endocannabinoid sensitivity. Previous findings at excitatory parallel fiber synapses in the dorsal cochlear nucleus have revealed that the target-cell-dependent expression of presynaptic CB1Rs can underlie both short-and long-term forms of synaptic plasticity (Tzounopoulos et al., 2007) . Thus, the simplest explanation for our results is that the densities of CB1Rs at synaptic terminals formed by TRN neurons vary in a target-cell-dependent manner. Consistent with this idea, some studies have shown a tight correlation between CB1R expression levels and endocannabinoid sensitivity (Kawamura et al., 2006; Tzounopoulos et al., 2007) . However, presynaptic CB1R expression does not always predict sensitivity to endocannabinoids (Kawamura et al., 2006; Lee et al., 2010) . Thus, it is possible that the intracellular pathway downstream of CB1R activation varies for distinct synaptic terminals and effectively controls endocannabinoid-mediated reductions in transmitter release.
The target dependence of endocannabinoid signaling we have characterized for TRN synapses could also be mediated postsynaptically. In the cerebellar cortex, parallel fiber synapses formed onto different postsynaptic targets display similar sensitivity for exogenous ligands, but show strong differences in endocannabinoid-mediated DSE, suggesting that the ability of neurons to synthesize and release endocannabinoids can vary along distinct cell types (Beierlein et al., 2007) . Here we found that while DSI was not observed for inhibitory synapses onto VB neurons, excitatory corticothalamic synapses targeting the same cell type displayed endocannabinoid-mediated DSE. Thus, excluding the possibility of synapse-specific endocannabinoid release from VB neurons following depolarization, the complete absence of DSI in VB cannot be explained by a general absence of endocannabinoid synthesis and release from postsynaptic VB neurons. As of now, it is not possible to directly measure endocannabinoid release from neurons, leaving the contribution of postsynaptic mechanisms in regulating synapse-specific differences at TRN synapses unresolved. Work in hippocampal cultures has shown that the differences in depolarization-induced suppression at inhibitory and excitatory synapses can be mimicked by the same subsaturating dose of exogenous CB1R ligand, suggesting that presynaptic sensitivity is a major determinant of endocannabinoid-mediated signaling (Ohno-Shosaku et al., 2002) . However, due to the lipophilic nature of the CB1R agonists, such an approach is impractical in acute brain slices (Brown et al., 2004) and was not further pursued here.
In summary, our results indicate that presynaptic differences in endocannabinoid sensitivity underlie target-dependent differences in endocannabinoid signaling at TRN synapses, although we cannot rule out differences in endocannabinoid release from the two types of target neurons.
Pathways leading to the release of endocannabinoids during DSI Pharmacological and genetic studies have led to conflicting data regarding the mechanisms underlying endocannabinoid synthesis and release during DSI (Di Marzo, 2011 ). Here we found that blocking 2-AG synthesis with two different inhibitors of DAGL largely eliminated DSI. In addition, blocking 2-AG degradation by inhibiting monoacylglycerol lipase led to a prolongation of the DSI time course. Together, our data show that DSI at intra-TRN synapses is mediated by the release of 2-AG. This agrees with recent studies using DAGL␣ knock-out animals (Gao et al., 2010; Tanimura et al., 2010) , which confirmed that 2-AG is the major endocannabinoid responsible for retrograde signaling in the hippocampus, the cerebellum, and the striatum. While the pathway leading from postsynaptic calcium increases to the activation of DGL␣ and synthesis of 2-AG during DSI or DSE is still unresolved (Best and Regehr, 2010) , studies at synapses throughout the CNS have established that 2-AG synthesis and release can also occur following activation of a number of G q/11 protein-coupled receptors expressed in the postsynaptic membrane, which triggers the activation of PLC␤, the production of DAG, and the synthesis of 2-AG by DAGL (Brown et al., 2003; Melis et al., 2004; Brenowitz and Regehr, 2005; Hashimotodani et al., 2005; Maejima et al., 2005; Kano et al., 2009) . Importantly, PLC activation can be augmented by moderate, physiologically realistic increases in postsynaptic calcium . The importance of receptor-driven endocannabinoid release (RER) is emphasized by the close subcellular association between G q/11 protein-coupled receptors, PLC, and DAGL in postsynaptic dendrites or spines (Katona et al., 2006; Yoshida et al., 2006) . TRN neurons express a number of different types of G q/11 proteincoupled receptors, suggesting that RER might be a prominent pathway of endocannabinoid release under physiological conditions. Furthermore, RER could be enhanced during dendritic calcium increases via T-type calcium channel activation, evoked by burst firing (Cueni et al., 2008; Crandall et al., 2010) or synaptic activation .
Endocannabinoid signaling and the regulation of thalamic synchrony
Our results demonstrating endocannabinoid-dependent regulation of synaptic strength at specific inhibitory thalamic pathways strongly suggest that endocannabinoids dynamically regulate the degree of thalamic synchrony. Experimental and computational studies suggest that the two types of inhibitory synapses formed by TRN neurons onto either VB neurons or neighboring TRN neurons have opposing roles in regulating the degree of thalamic synchrony (Beenhakker and Huguenard, 2009) . Inhibitory synapses formed by TRN neurons onto VB cells are a crucial component of the reciprocally connected TRN-VB circuit that can generate rhythmic oscillations, even in the absence of extrinsic inputs. By contrast, intra-TRN synapses are thought to be important for reducing activity in neighboring TRN neurons (Bal et al., 1995) , thereby limiting the number TRN neurons that participate in rhythmic oscillatory activity Sohal and Huguenard, 2003) . In support of this hypothesis, pharmacological or genetic elimination of intra-TRN inhibition can lead to hypersynchronous activity patterns in vivo (CastroAlamancos, 1999) as well as in in vitro models (von Krosigk et al., 1993; Huguenard and Prince, 1994; Kim et al., 1997) . Under these assumptions, our results predict that endocannabinoidmediated suppression of synaptic strength at intra-TRN synapses dynamically increases the degree of thalamic synchrony and therefore plays a critical role in setting the threshold for the generation of absence seizure activity.
